Faecal sludge (FS) management is a serious problem in developing countries which has caused environmental pollution and health risks. Hydrothermal carbonization (HTC) is an alternative technology that can be used to treat FS and convert it into a valuable solid product called hydrochar.
INTRODUCTION
Most developing countries do not provide sewer systems with centralized treatment for the majority of urban residents.
Human excreta containing faeces and urine are commonly disposed into septic tanks, cesspools or pit latrines and the accumulated sludge from these systems, so called faecal are its ability to convert wet feedstock to become carbonaceous solid products (hydrochar) at relatively high yields without preliminary dewatering and drying (Libra et The aims of this research were to evaluate the technical feasibility of applying the HTC process to produce hydrochar from raw FS which was the accumulated sludge emptied from septic tanks, cesspools or pit latrines, to determine the reaction kinetics of HTC of FS, and to develop an empirical model which could estimate the energy content of the produced hydrochar.
MATERIALS AND METHODS

Faecal sludge
FS samples were collected from a municipal emptying truck which serviced residential areas in a city located near Bangkok, Thailand. Moisture contents of the collected samples, which were originally about 95%wt with the volatile solid concentration of 40 g/L, were adjusted to be 90%wt, 80%wt, and 70%wt using a water bath before feeding to the HTC reactor, while volatile solid concentrations of these samples were about 70 g/L, 150 g/L, and 340 g/L, respectively.
HTC experiments
The experiments were conducted with a 1-L high pressure reactor made of stainless steel and equipped with pressure gauge, thermocouple and gas collecting ports, as illustrated in Figure 1 . An electric heater equipped with a control panel (Figure 1(a) ) was used to adjust temperature and reaction time of the reactor. Each HTC experiment was performed with 350 mL of FS sample and the operating conditions were controlled at temperatures of 180, 220, and 250 W C and reaction times of 0.5, 1.0, 5.0, and 10.0 h. The pressure was monitored and recorded during HTC operation. At the end of each experiment, the reactor was rapidly cooled to the ambient temperature with water in a cooling jacket (Figure 1(b) ) at the cooling rate of about 45 W C/minutes to quench the reaction. After collection of the gas samples, the carbonized FS remaining in the reactor was separated for solid (hydrochar) and liquid products using vacuum filtration (Whatman filter paper, 1.2 μm).
The produced hydrochar was subsequently dried in an oven at 105 W C for at least 12 h to remove the remaining moisture. The produced hydrochar, liquid, and gas samples were analysed for their physical and chemical characteristics as described in the following section.
Analytical methods
The volatile Therefore, the HTC process should not be operated at temperatures more than 250 W C because it would result in less hydrochar yields and high operation costs.
With respect to reaction time, it can be seen from As reported earlier that operating the HTC temperatures more than 250 W C could result in less hydrochar yields and higher energy consumption, it can be assumed that the temperature of 250 W C was optimum for the HTC in producing the highest normalized energy yield.
Mass balance and carbon distribution
Mass balance and carbon distribution of the FS were carried out at the optimum HTC condition, as illustrated in Figure 3 .
The initial dried FS consisting of carbon of 38.45%wt and the other elements (e.g. hydrogen, nitrogen, oxygen, and sulphur) of 61.55%wt was hydrothermally carbonized into the hydrochar, liquid and gas by-products of 69.86%wt, 20.72% wt and 9.42%wt, respectively. The carbon distribution indicated a significant proportion of carbon in the initial dried FS retained within the hydrochar of 28.67%wt. The rest of the carbon was shifted into either the liquid or gas by-products. TOC concentration of the liquid samples was used to calculate the carbon content in the liquid by-product which was 6.94%wt. From the mass balance analysis, a small fraction of carbon in the initial dried FS was transferred into gas by-products of 2.84%wt, which was predominantly CO 2 .
Characteristics of HTC by-products
The liquid samples obtained from the optimum HTC condition were collected and analysed for their characteristics.
Liquid by-products still contained high concentrations of organic matter as indicated by COD of 33-36 g/L and 21.50%, and 3.15%, respectively. To minimize the odour and greenhouse gas emissions, the produced gases can be further removed possibly by a wet scrubber or condenser system (Polprasert ).
Reaction kinetics
To understand the reaction kinetics of HTC of FS, the firstorder reaction and Arrhenius equation were proposed. A typical HTC reaction is as follows:
FS Hydrochar þ By-product (liquid and gas)
The reaction rate depends on the conversion of substrate and reaction time which can be expressed as the first-order differential rate equations:
where r is the reaction rate; C t is the mass of volatile matters in the produced hydrochar at reaction time (t); C i is the mass of volatile matters in the initial FS (dry weight); k is the reaction rate constant of HTC; and t is the reaction time. The reaction rate constants (k) of various temperatures obtained from these experiments are shown in Figure 4 (a). The high correlation coefficient (R 2 ) values indicated that the HTC of FS were a good fit to the first-order reaction.
The reaction rate constants, depending on the temperatures, can be expressed as the Arrhenius equation:
where, A is the pre-exponential factor; E a is the activation energy; R is the gas constant; and T is the temperature (K).
From the intercept and slope of the linear equation in 
Modelling of HTC of FS
To develop an empirical model which could estimate the energy content of the produced hydrochar from the HTC of FS, a multiple linear regression analysis was conducted using the experimental data obtained from this study. The statistical analysis using the Minitab-17 software showing a linear regression equation was
where E hydrochar is the energy content of the produced hydrochar; T is the temperature; t is the reaction time;
M is the moisture content of feedstock; VS is the volatile solid concentration of feedstock; and f is the correction factor for energy content of the dry initial feedstock (E feedstock ), which was found to be 0.07E feedstock . Analysis of variance (ANOVA) showed Equation (6) to be significant at the 95% confidence level with the R 2 of 0.910.
Equation (6) ). Figure 5 indicates that Equation (6) fits well with these data, having an R 2 value of 0.887. It should be noted that Equation (6) is applicable for predicting energy content of hydrochar produced by the HTC process operated within the conditions employed in this study. In addition, it could be useful for the HTC operators to adjust some operating parameters to achieve the desired energy content for the produced hydrochar. Further validations of Equation (6) with pilot-or full-scale HTC reactors treating FS or other biomass materials are recommended.
Application
The experimental results obtained from this study demonstrated the technical feasibility of applying the HTC process to treat and convert FS to a valuable product such as hydrochar. At present, there are no full-scale HTC reactors treating FS in Thailand or other developing countries. It is strongly recommended that some pilot-scale or demonstration experiments on HTC be conducted to test the scale-up effects and cost-benefit analysis of the systems. The application of the produced hydrochar as solid fuel, energy storage and other value-added products (Titirici & Antonietti ), including its marketability and social acceptance should also be studied prior to implementation of a fullscale HTC reactor treating FS.
